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Edited by Judit Ova´diAbstract AC70R1–504 Escherichia coli mutants possess a
glgC* gene with a nucleotide change resulting in a premature
stop codon that renders a truncated, inactive form of GlgC. Cells
over-expressing the wild type glgC, but not those over-expressing
the AC70R1–504 glgC*, accumulated high ADPglucose and
glycogen levels. AC70R1–504 mutants accumulated glycogen,
whereas DglgCAP deletion mutants lacking the whole glycogen
biosynthetic machinery displayed a glycogen-less phenotype.
AC70R1–504 cells with enhanced glycogen synthase activity
accumulated high glycogen levels. By contrast, AC70R1–504
cells with high ADPG hydrolase activity accumulated low glyco-
gen. These data further conﬁrm that enterobacteria possess
various sources of ADPglucose linked to glycogen biosynthesis.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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GlgC is an allosterically regulated homotetrameric enzyme
that catalyzes the conversion of glucose-1-phosphate and
ATP into PPi and ADPglucose (ADPG) necessary for glyco-
gen biosynthesis in most bacteria [1,2]. Genetic evidence that
bacterial glycogen biosynthesis occurs solely by the ADPG
pathway involving GlgC has been obtained with glgC
mutants such as the E. coli AC70R1–504 strain [2,3]. This
derivative of AC70R1 (a glycogen-excess mutant of E. coli B
that is derepressed in the production of glycogen biosyntheticAbbreviations: ADPG, ADPglucose; AGPase, ADPG pyrophosphor-
ylase; AspP, adenosine diphosphate sugar pyrophosphatase; EM,
electron microscopy; GlgA, glycogen synthase; IPTG, isopropyl-b-D-
thiogalactopyranoside; U, unit of enzyme activity
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doi:10.1016/j.febslet.2007.08.016enzymes [4]) displays an apparent glycogen-less phenotype
when exposed to iodine vapors.
Because of the absence of ADPG pyrophosphorylase (AG-
Pase) background activity catalyzed by GlgC, complementa-
tion of the glycogen-less phenotype of AC70R1–504 cells
with cDNAs encoding plant AGPases has been a powerful tool
to obtain information on the speciﬁc roles of these enzymes
and their regulatory interactions [5–7]. In addition, this expres-
sion system has provided an eﬃcient mean to identify residues
involved in catalysis, allosteric functioning and structure of
both plant and bacterial AGPases [8–10]. Only in a few
instances [11–13] glgC bacterial strains other than
AC70R1–504 have been employed to characterize and express
AGPases from both plant and bacterial origins.
Studies on intracellular glycogen content in AC70R1–504
cells expressing AGPase encoding genes have been limited to
qualitative-type staining analyses using iodine vapors [5–14].
Although simple, this technique lacks sensitivity and provides
only a rough indication about the possible occurrence and
amount of glycogen in the bacterial cell, the results obtained
being inﬂuenced by factors such as chain length and composi-
tion of the glycogen molecule [15]. Recent studies in our labo-
ratory have provided strong evidence showing the occurrence
of important sources of ADPG, other than GlgC, linked to
glycogen biosynthesis in enterobacteria [16,17]. Although
consistent with a previous report showing the occurrence of
glycogen in glgC mutants of the Gram-positive bacterium
Streptomyces coelicolor [18], our ﬁndings conﬂict with the gen-
eral notion that AC70R1–504 mutants are unable to synthesize
glycogen. As a ﬁrst step to solve this controversy we decided to
characterize in detail the AC70R1–504 cells and compare them
with conﬁrmed glycogen-less isogenic bacteria lacking the
whole glycogen biosynthetic machinery (i.e. AC70R1–504
DglgCAP deletion mutants). Results presented in this work
show that AC70R1–504 cells can still synthesize and accumu-
late glycogen, further conﬁrming the occurrence of source(s) of
ADPG, other than GlgC, linked to glycogen biosynthesis in
enterobacteria [16].2. Materials and methods
2.1. Bacterial strains and culture media
E. coli strains used in this work were AC70R1–504 (F glgQ glgC
glpD) and the wild-type B strain CGSG#5365 of the E. coli Geneticblished by Elsevier B.V. All rights reserved.
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AC70R1–504 glgC* over-expression experiments. All plasmid con-
structs were propagated in E. coli XL1 Blue grown in LB medium
(1% tryptone, 1% NaCl, 0.5% yeast extract) with the appropriate selec-
tion. DNA manipulations were conducted by following the procedures
indicated in [19]. For biochemical analyses, cells were grown in either
Kornberg (1.1% K2HPO4, 0.85% KH2PO4, 0.6% yeast extract from
Duchefa, Haarlem, The Netherlands) or M9 minimal (4 mM NaCl,
9 mM NH4Cl, 0.1 mM CaCl2, 2 mM MgSO4, 48 mM Na2HPO4 and
22 mM KH2PO4) liquid media supplemented with 50 mM glucose. In
every case, the bacteria were grown with rapid gyratory shaking at
37 C after inoculation with 1 vol. of an overnight culture for 50 vol.
of fresh medium. Solid Kornberg medium was prepared by addition
of 1.5% bacteriological agar to liquid Kornberg medium.
2.2. Gene disruption and expression
glgCAP and glgP deletion mutants (DglgCAP and DglgP, respec-
tively) of AC70R1–504 cells were produced as described in [20]. glgA
and aspP cloning was carried out as described in [16,21], respectively.
Cloning of the wild-type E. coli B glgC and of the AC70R1–504 glgC*
was done by PCR using 5 0-GTGCCAGCTAGCATGGTTAGTTTA-
GAGAAGAACG-3 (forward) and 5 0-GGCAAGCTCGAGTTAT-
CGCTCCTGTTAATGCCC-3 0 (reverse) primers. The ampliﬁed
fragments were cloned in the pGEMT vector (Promega). The steps
to produce expression vectors for aspP-, glgA- and glgC-expressing
cells (pACYCDuet-aspP, pACYCDuet-glgA and pET-glgC, respec-
tively) are illustrated in Supplementary Fig. 1.
2.3. Production and puriﬁcation of recombinant GlgC
BL21(DE3) cells transformed with pET-glgC were grown in 100 ml
of liquid LB medium to an absorbance at 600 nm of about 0.5 and then
0.3 mM isopropyl-b-D-thiogalactopyranoside (IPTG) was added.
After 5 h, cells were centrifuged at 6000 · g for 15 min. The pelleted
bacteria were resuspended in 4 ml of His-bind binding buﬀer (Nova-
gen), sonicated and centrifuged at 10,000 · g for 10 min. The superna-
tant thus obtained was subjected to His-bind chromatography
(Novagen). The eluted His-tagged GlgC was then rapidly desalted by
ultraﬁltration on Centricon YM-10 (Amicon, Beford, MA).
2.4. Production of antisera against GlgC and Western blot analyses
Puriﬁed recombinant His-tagged GlgC was subjected to preparative
SDS–PAGE and utilized to elicit polyclonal antisera in rabbits following
conventional procedures [19]. For immunoblot analyses, bacterial
extracts were separated by 10%SDS–PAGE, transferred to nitrocellulose
ﬁlters, and immunodecorated by using the antisera raised against GlgC
and a goat anti-rabbit IgG alkaline phosphatase conjugate (Sigma).
2.5. Enzyme assays
Cells entering the stationary phase were harvested by centrifugation
at 10000 · g during 15 min, rinsed with abundant M9 minimal med-
ium, resuspended in 50 mM HEPES, pH 7.0, sonicated and assayed
for enzymatic activity. The following enzymes were assayed at 37 C
according to the accompanying references: Adenosine diphosphate su-
gar pyrophosphatase (AspP) [22], glycogen phosphorylase [20], AG-
Pase [16] and glycogen synthase (GlgA) [23]. One unit (U) of enzyme
activity is deﬁned as the amount of enzyme that catalyzes the produc-
tion of 1 lmol of product per min.
2.6. Electron microscopy (EM)
We proceeded as described in [24]. Cells entering the stationary
phase were pre-ﬁxed with 4% glutaraldehyde in 0.1 M cacodylate buf-
fer (pH 7.3) for 2 h at 4 C, washed in 0.25 M sucrose/0.1 M cacodylate
buﬀer, and post-ﬁxed in 1% OsO4 in phosphate buﬀer (pH 7.3) at 4 C.
After two washes with Veronal sodium (pH 7.4), the cells were embed-
ded in 2% molten Noble Agar. The gel was dehydrated and embedded
in Epon-812, and ultrathin sections were placed on nickel grids, post-
stained for 30 min with uranyl acetate and for 15 min with lead citrate,
and observed under a Zeiss EM 10CR electron microscope.Fig. 1. AC70R1–504 mutants accumulate a ca. 32 kDa truncated form
of GlgC. 10% SDS–PAGE and Western blot analyses using antisera
raised against E. coli GlgC and 35 lg each of crude extracts from
E. coli B cells (lane 1), AC70R1–504 (lane 2) and AC70R1–504
DglgCAP cells (lane 3).2.7. Analytical procedures
Bacterial growth was spectrophotometrically determined by follow-
ing the absorbance at 600 nm. Glycogen was quantitatively determined
using an amyloglucosidase/hexokinase/glucose-6P dehydrogenase-based test kit from Sigma. ADPG content was measured as described
in [16] (Supplementary Fig. 2). Protein content in cell extracts was
measured by the Bradford method using a Bio-Rad prepared reagent.
Iodine staining of colonies on solid Kornberg medium was performed
as described in [25].3. Results and discussion
3.1. AC70R1–504 cells accumulate a C-terminal truncated form
of GlgC that is enzymatically inactive
The AC70R1–504 strain contains a glgC mutation that ren-
ders the strain incapable of producing active GlgC [3,26,27].
However, there are to our knowledge no available data
describing the nature of this mutation. To understand why
AC70R1–504 mutants are unable to produce active GlgC we
ﬁrst performed western blot analyses on crude extracts of
AC70R1–504 cells using antisera raised against E. coli GlgC.
As positive and negative controls we employed extracts of
E. coli B and AC70R1–504 DglgCAP deletion mutants, respec-
tively, the latter lacking the whole glycogen biosynthetic
machinery. As shown in Fig. 1, these analyses revealed that
E. coli B and AC70R1–504 cells, but not DglgCAP deletion
mutants, developed immuno-reactive bands. Whereas E. coli
B cells accumulated an immuno-reactive protein with a molec-
ular mass of ca. 48 kDa corresponding to that of wild-type
GlgC [2], AC70R1–504 cells accumulated a ca. 32 kDa protein
speciﬁcally recognized by the GlgC speciﬁc antisera.
Subsequent analyses of both nucleotide and deduced amino
acid sequences of glgC revealed that, as shown in Supplemen-
tary Fig. 3, E. coli B glgC codes for a polypeptide of 431 amino
acids with a calculated mass of 48800 Da. AC70R1–504 glgC*
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codon at position 851, the resulting open reading frame coding
for a polypeptide of 283 amino acids with a calculated mass of
32100 Da.
To explore whether the truncated version of GlgC accumu-
lating in AC70R1–504 cells is enzymatically active, we pro-
duced and characterized BL21(DE3) cells over-expressing
either E. coli B glgC or AC70R1–504 glgC* (Fig. 2A). As
shown in Fig. 2B, E. coli B glgC over-expressing BL21(DE3)
cells displayed a ca. 40-fold increase of the normal AGPase
activity, whereas AC70R1–504 glgC* over-expressing
BL21(DE3) cells displayed background levels of this activity.
In addition, E. coli B glgC over-expressing BL21(DE3) cells
accumulated high levels of both ADPG (Fig. 2C, Supplemen-
tary Fig. 2) and glycogen (Fig. 2D), whereas AC70R1–504
glgC* over-expressing BL21(DE3) cells accumulated normal
levels of both ADPG and glycogen.
The overall data thus show that AC70R1–504 cells accumu-
late a ca. 32 kDa enzymatically inactive form of GlgC that
lacks 148 residues of the C-terminus. These results also show
that, essentially in agreement with previous site-directed muta-G
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Fig. 2. AC70R1–504 cells accumulate a ca. 32 kDa truncated form of GlgC
SDS–PAGE. (B) AGPase activities and (C) ADPG content of (1) untransfor
the E. coli B glgC (2 and 3, respectively). (D) Glycogen content of untransfor
AC70R1–504 glgC* (h and n, respectively). Cells were cultured in M9 min
600 nm of about 0.5 and then IPTG was added to a ﬁnal concentration of 0.3
‘‘B’’ cells were harvested entering the stationary phase. The bacterial straingenesis studies [27], the C-terminus is necessary for maintain-
ing a functional GlgC.
3.2. AC70R1–504 cells accumulate glycogen
As illustrated in Fig. 3A, iodine stain analyses on solid
cultures showed that, in contrast to E. coli B cells, both
AC70R1–504 and AC70R1–504 DglgCAP cells displayed a yel-
low negative glycogen stain phenotype. Subsequent quantita-
tive measurement analyses of glycogen content in liquid
cultures revealed that E. coli B cells, but not AC70R1–504
DglgCAP cells, accumulate glycogen (Fig. 3B). Most impor-
tantly however, AC70R1–504 cells accumulated readily mea-
surable amounts of glycogen.
EM analyses further substantiated that AC70R1–504 cells,
but not AC70R1–504 DglgCAP cells, accumulate glycogen
granules (Fig. 4). Resembling the topographic distribution
pattern of glycogen granules occurring in diﬀerent bacterial
species [18,24,28], glycogen granules deposited in both the
periphery and poles of both E. coli B and AC70R1–504 cells.
Glycogen phosphorylase, the product of glgP gene, is the
major enzyme of glycogen breakdown in bacteria [20]. To(n
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cultured on solid Kornberg medium supplemented with 50 mM
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Fig. 4. AC70R1–504 cells accumulate glycogen granules. EM analysis
of (A) E. coli B cells, (B) AC70R1–504 cells and (C) AC70R1–504
DglgCAP cells. Arrows indicate the position of glycogen granules.
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Fig. 5. Time-course analysis of glycogen content in AC70R1–504 (d),
AC70R1–504 DglgP (m) and AC70R1–504 DglgCAP (s) mutants
cultured in M9 minimal medium supplemented with 50 mM glucose.
4420 G. Eydallin et al. / FEBS Letters 581 (2007) 4417–4422further investigate whether AC70R1–504 cells do indeed accu-
mulate glycogen, we produced and characterized AC70R1–504
DglgP cells. The rationale behind this approach was that, if
AC70R1–504 cells accumulate glycogen, the amount of this
polyglucan in AC70R1–504 DglgP cells should be higher than
in AC70R1–504 cells. Conﬁrming this presumption, measure-
ments of the glycogen content in liquid cultured cells revealed
that the intracellular levels of this polyglucan in AC70R1–504
DglgP cells are higher than in AC70R1–504 cells (Fig. 5).
The overall results thus show that AC70R1–504 cells accu-
mulate glycogen.
3.3. AC70R1–504 mutants produce glycogen from ADPG
AC70R1–504 cells accumulate normal levels of ADPG when
compared with E. coli B cells (0.53 nmol and 0.46 nmol
ADPG/mg protein, respectively), which is consistent with our
recent report showing that enterobacteria possess various
important sources of ADPG [16]. To investigate whether
ADPG is the glycosyl donor involved in glycogen biosynthesis
in AC70R1–504 cells we produced and characterized
AC70R1–504 cells with enhanced expression of either aspP
or glgA.
3.3.1. Glycogen accumulation in AC70R1–504 cells with
enhanced aspP expression. AspP is a member of the ‘‘Nudix’’
family of nucleotide hydrolases that speciﬁcally catalyzes the
hydrolytic breakdown of ADPG and ADP-ribose [22,29].
The rationale behind this approach was that, if ADPG is the
precursor of glycogen in AC70R1–504 cells, enhancement ofaspP expression should lead to reducing levels of glycogen.
In line with this presumption, enhancement of aspP-expression
G
ly
co
ge
n
(n
mo
l g
luc
os
e/m
g p
ro
tei
n)
Culture time (h)
0
5
10
15
20
25
0 12 16 20 2484
Fig. 6. ADPG is the precursor of glycogen biosynthesis in AC70R1–
504 cells. Time-course analysis of the intracellular glycogen content in
AC70R1–504 cells transformed with either pACYCDuet (d) or
pACYCDuet-aspP (h). Cells were cultured in M9 minimal medium
supplemented with 50 mM glucose. ADPG hydrolytic activities in cells
entering the stationary growth phase were 23 and 87 mU/mg protein
for AC70R1–504 cells transformed with pACYCDuet and pACYCD-
uet-aspP, respectively.
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Fig. 7. ADPG is the precursor of glycogen biosynthesis in AC70R1–
504 cells. (A) GlgA activities in AC70R1–504 cells transformed with
pACYCDuet (1) and AC70R1–504 cells transformed with pACYCD-
uet-glgA in the absence or in the presence of 0.3 mM IPTG (2 and 3,
respectively). The cells were cultured in liquid M9 minimal medium
supplemented with 50 mM glucose and collected when entering the
stationary phase. (B) Iodine staining of AC70R1–504 mutants trans-
formed with either pACYCDuet or pACYCDuet-glgA. The cells were
cultured in solid Kornberg medium supplemented with 50 mM
glucose. (C) Time course of the glycogen content in E. coli B (n) and
AC70R1–504 cells transformed with either pACYCDuet (h) or
pACYCDuet-glgA in the presence or in the absence of 0.3 mM IPTG
(n and m, respectively). Cells were cultured in M9 minimal medium
supplemented with 50 mM glucose.
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in AC70R1–504 cells (Fig. 6).
3.3.2. Glycogen accumulation in AC70R1–504 cells with
enhanced glgA expression. In vitro analyses have shown that
GlgA exclusively recognizes ADPG as substrate and is inactive
with other nucleotide-sugars such as UDP-glucose, CDP-glu-
cose, GDP-glucose or TDP-glucose [30,31, our unpublished
results]. Therefore, if ADPG is indeed involved in glycogen
biosynthesis in AC70R1–504 cells, enhancement of GlgA
activity should lead to increasing levels of glycogen.
Increases in GlgA activity in AC70R1–504 mutants were
obtained by transforming cells with pACYCDuet-glgA
(Supplementary Fig. 1). As shown in Fig. 7A, GlgA activity
in AC70R1–504 cells transformed with pACYCDuet-glgA
was 2- and 8-fold higher than that of AC70R1–504 cells trans-
formed with pACYCDuet when cultured in the absence or in
the presence of IPTG, respectively. Importantly, iodine stain
analyses on solid cultures revealed that AC70R1–504 cells
transformed with pACYCDuet displayed a yellow negative
glycogen stain phenotype, whereas AC70R1–504 cells trans-
formed with pACYCDuet-glgA displayed a dark brown posi-
tive glycogen phenotype (Fig. 7B). This was further supported
by quantitative measurement analyses of glycogen on liquid
cultures (Fig. 7C) showing that, irrespective of the presence
of IPTG in the culture medium, maximum glycogen content
in AC70R1–504 cells transformed with pACYCDuet-glgA
was 12-fold and 120-fold higher than those of E. coli B cells
and AC70R1–504 cells, respectively.
3.4. Additional remarks
Together with the results presented by Mora´n-Zorzano et al.
[16], the overall results presented in this work further conﬁrm
that bacteria possess more than one important source of
ADPG linked to glycogen biosynthesis. The question ‘‘what
is/are the alternative ADPG source(s)’’ remains unanswered
and needs more investigation. In this respect, our previous
observation that E. coli mutants lacking phosphoglucomutase
activity are totally devoid of glycogen [17] strongly suggests
that glucose-1-phosphate is the precursor molecule and/or sub-strate for the alternative ADPG source(s). The work of
Mora´n-Zorzano et al. [16] excluded the possibility that a
trehalose glucosyltransferase activity occurring in the archeon
Thermococcus litoralis that catalyzes the conversion of treha-
lose and ADP into ADPG may also occur in enterobacteria.
By contrast, experimental evidences (both from our group
and from others) pointed to glucose-1-phosphate metabolizing
enzyme(s) such as GalU as likely important source(s) of
ADPG. Future investigations are being conducted in our
laboratory to conﬁrm this point.
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